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Channel Protein Engineering: A Novel Approach Towards the Molecular Dissection
Determinants in Ligand-regulated _Channels
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Our goal'is 'to establish the molecular determinants that account for the pore properties
of ligand-regulated channel properties. We are modeling hypothesized pore forming
structures from acetylcholine receptors using semi-empirical potential energy functions..
The M2i segment of the nicotinic acetylcholine receptor from Torpedo californica is a
candid.ate for the channel lining structure. It forms ionic channels in human erythocyte,;
membranes and in lipid bjayers. Furthermore, we designed and synthesized a tethered
tetramer containing four;M29-oiigopeptides. The complete 101 residue protein forms
channels in lipid bilayers with properties that resemble those of authentic cholinergic
receptors. The general validity of this approach is currently being assessed)
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PRINCIPAL INVESTIGATOR: Dr. Mauricio Montal

CONTRACTOR: University of California, San Diego

CONTRACT TITLE: Channel Protein Engineering: A Novel Approach Towards the
Molecular Dissection Determinants in Ligand-regulated Channels

START DATE: 1 February" 1989

RESEARCH OBJECTIVE: Our goal is to establish the molecular determinant of the pore
properties in ligand-regulated channel proteins.

PROGRESS (Year 1):
I. Molecular modeling of the pore forming structures of ligand-gated channel
proteins.
We pursued the modeling of the pore forming structures of two channel proteins with different primary
structures and oligomeric number, namely, the voltage sensitive sodium channel and the nicotinic
cholinergic receptor. Low-energy arrangements of a-helical bundles were calculated by semi-empirical
potential energy functions and optimization routines and were further refined using molecular
dynamics. The ion-conducting pore is considered to be a symmetric or pseudosymmetric
homooligomer of 3-5 amphipathic a-helices arranzed such that the polar residues line a central
hydrophilic pathway and the apolar residues face the hydrophobic bilayer interior. The channel lining
exposes either charged (Asp, Glu, Arg, Lys) or polar-neutral (Ser, Thr) residues. A bundle of 4
parallel helices constrained to C4 symmetry, the helix axis aligned with the symmetry axis, and the
helices constrained to idealized dihedral angles, produces a structure with a pore of the size inferred for
the sodium channel protein (area - 16 A2). Similarly, a pentameric array optimized with constraints to
maintain C5 symmetry and backbone torsions characteristic of a-helices adopts a structure that appears
well suited to form the lining of the nicotinic cholinergic receptor (pore area - 46 A2). Thus, bundles
of amphipathic a-helices satisfy the structural, energetic, and dynamic requirements to be the molecular
structural motif underlying the function of ionic channels.

2. The M25 transmembrane domain of the nicotinic cholinergic receptor forms ion
channels in human erythrocyte membranes.
We examined the notion that a synthetic peptide with the sequence of the M2, segment of the nicotinic
acetylcholine receptor from Torpedo californica forms ionic channels in biological membranes. For
this purpose we selected human erythrocyte membranes and assayed channel formation by determining
both hemoglobin and K4 release. Indeed, this peptide forms a permeability pathway with an apparent
cross-sectional diameter of 7-9 A. The M25 pore is oligomeric and a pentamer is the species that
accounts for the properties of the permeation path. Peptides that mimic other identifiable segments of
the Torpedo acetylcholine receptor, M18 and MIR, do not form channels in erythrocytes under the
same conditions.

3. Synthesis of tetrameric synthetic channel proteins was achieved.
We implemented the design principles outlined by Mutter and L ,,csizcd tethered teunincrs containing
the channel-forming domains of the Torpedo californica acetylcholine receptor (AChR) a subunit
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transmembrane segment 2 (M2) attached to a carrier template. The carrier is a nine-aminoacid

backbone with sequence K*KK*PGK*EK*G with K* containing Na-N-tert-butyloxycarbonyl (tboc),
NF-9-fluorenylmethoxycarbonyl (fmoc) to generate four branch points. Oligopeptides are then
attached to template in a stepwise manner at the four base-deprotected lysine sidechains. A parallel
array of the 4-oligopeptides is determined by tethering them to the carrier.

The complete 101 residue protein does indeed form channels in lipid bilayers which reproduce
several features that are characteristic of authentic AChR channels, such as single channel conductance,
cation selectivity, transitions between closed and open states in the millisecond time range. An
analogue protein, in which the serine residue in position 8 is replaced for alanine in each of the four
M-25 23-mer peptides, also forms channels which, however, exhibit lower single channel conductance.
By contrast, a similar tethered tetramer with MIS-peptides does not form channels in accord with
expectations. The general validity of this strategy to other channel sequences and oligomeric number is
currently being explored. Thus, this novel class of synthetic channel proteins enriches our
armamentarium directed towards the elucidation of structure-function relationships.

Reprints: Copies of reprints and preprints of research supported by the award are enclosed.
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FORMS ION CIIANNELS IN HUMAN ERYTIIROCYTE MEMBRANES
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tDivision of Medical Genetics, Children's flospital of Los Angeles,
Los Angeles, CA 9(X)54-0700

Received June 2, 1989

SUMMARY. A synthetic peptide with the sequence of the M25 segment of the nicotinic acetylcholine
receptor from Torpedo californica forms pores in human erythrocytc membranes as determined by
hemoglobin and potassium release. This peptide forns a permeability pathway with an apparent
cross-sectional diameter of 7-9 A. The M2 pore is oligomeric and a pentamer is the species that
accounts for the prolxrties of the perneation path. Peptides that mimic other identifiable segments of
the Torpedo acetylcholine receptor, Mt8 and MIR, do not form channels in erythrocytes under the
same conditions. 0 1981. Ad-c- Pr I-..:.

INTRODUCTION. The nicotinic acetylcholine receptor (AcChoR) of Torpedo californica is com-

posed of four glycoprotein subunits (a, P, y, ) with stoichionictry a243 y (1, 2). A high degree of

amino acid sequence homology exists among the four subunits, and all exhibit four putative transmem-

brane regions designated as M 1, N12, M3 and M4 (3). In vivo, the AcChoR pentamer acts as a ligand

activated cation channel (4) with an effective pore diameter of - 7 A (5). The specific assignment of

subunits involved in channel lining has been a subject of intense investigation. Evidence suggests that

M2 is the segment which lines the pore (4, 6-8). Significantly, a synthetic 23-mer pcptide with the

sequence of 128 forms ion channels in lipid bilayers with single channel properties that emulate those

of authentic AcChoR ion channels (8). Here we provide evidence of channel formation by the

AcChoR M25 peptide in biological membranes.

MATERIALS AND METHODS

Peptides. Peptides were synthesized by solid phase methods on an Applied Biosystems model
430 peptide synthesizer, purified by IIPLC and sequenced, essentially as previously described (8, 9).
The amino acid secluences of the peptides studied are: M2 - EKMSTAISVLLAQAVFLLLTSQR (8),
M16 - LFYVINFITPCVLISFLASLAFY (8), MIR (a segment of the main immunogenic region) -
VNQIVETNVR (10). and a peptide composed of 23 serine residues (poly S).

Ileinolysis Assay. Ilemolysis was assayed according to Tosteson et al. (111). Briefly. r-=.-!)-
6..Va:J b sju f'uL the Veteran s Admhiiistraliuil MdJi,.A Cctcr Blood Buik (La Jolla, CA) was
washed three times with 0.3 M sucrose buffer (0.3 M sucrose, 0.01 NI Tris-llepcs, 0.001 M EGTA,

I'hi-al.ffIvIgialtuse.s a c AcChoR. acetylcholine receptor, MIR, main imnmunogenic region, TFE,
trilluorocthac;'l, lib, hemoglohin.

0006-291X/89 $1.50
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pli 7.4). An crythrocyte suspenlsion was made 1% (vlv). and 2.5 nil samples wcre used for all assays.
Synthetic peptides were dissolved in trilluoroethaniol (TE; Aldrich, Milwaukee, WI) and added to
erythrocyte suspensions with immediate vonexing. Suspensions were incubated a: 22 ±L 2'- for
desired time peniods, whereupon two I nil aliquots were withdrawn and layered over 0.1 nil dibutyl-
phdmialatc (Aldrich, Milwaukee, WVI). Samples were immediately centrifuged for 5 minutes in an
Eppenidorf Model 5414 cem~rifuge, and the absorbance of Lhe supernatants at 540 rim was recorded.
The effect of cquivaient'anlouniLs of pure TFE (5-30 pl) without peCptide were subtracted fromn thc lysis
produced by pe:ptides. Total lysis was obtained by solubilizimig erythrocytes With Triton X-100 at a
final concentration of 0.5%l (v/v). K' was measured on a Perkin-Elmer Atomic Absorption Spectropho-
tometcr Model 5000 (X = 766.5 rim). Supernatants were combined, and I ml aliquots diluted to a final

4 volume of 5 nil with distilled water.

RESULTS AND DISCUSSION

Synthetic A125 peptide has lieniuly tic activity. Erythirocytes suspended in sucrose buffer are

lysed by the synthetic M125 peptide. Figure I illustrates the time course of hemoglobin (Hb) release

produced by three different concentrations of M25. Initially. fib release increases linearly with time.

leveling off at a steady state value. K' release fromi erytliiocytes is also a measure of eU lysis as

illustrated in Figure 2B3. The time courses of lib and K' release are similar, although the initial rate of

K* release is faster than that for I lb.

M25 forms chianinels in lipid bilayers (8). I'lierefure, a likely mecchanism of lysis is that N128

creates a pore through w.hichi the high levels of intracellular K' exit the cell. Accordingly. K* efflux

generates an osmiic imbalance leading to cell lysis. This model implies that external sucrose is too

large to pass through the M'25 pore. Therefore, sucrose in the buffer was replaced by Tris (at 0.15 10).

and no lysis was obtained (Figs. I and 2A). 'iris was selected for this assay because it is known to

permeate through both the authentic AcClioR (5) and the M28 pore (8). Presumably. Tris' equilibrates

with intracellular K%. and no osmotic imbalance is created. The dimensions of Tris* (8A x 7A x 6A)

(12) and sucrose (I I A x 9A x 8A) (13) predict an effective cross-sectional diameter of the permecabil-

ity path fonmed by the N128 pore of 7-9 A, iii agr :ement with the apparent cut-off size of the synthetic

1025 (8) and authentic AcClioR (5) channels.

100.

60 15P

75,41m

UU

20

-0.

-20 0 20 40 60 So 100 120

time (min)

fig. 1. Hb release from erythrocytes suspended in sucrose buffer supplemented with WS8 ai 25 js.M
(1). I5 piM (0), and 7 ;LM (A). Open circles (0) designate fib release from crythrocytes suspended in
0.15 M Tris buffer containing WS8 (IS riW).
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30 -30-

o, 20 -. 20

0 W.. 0

.10 -10

-20 F*20
10 0 10 2'0 30 40 so 60 .10 0 10 20 30 40 50 60

time (min) time (min)

fjgt. 2.Ib release (A) and K' elease (B) fronm erythrocytes suspended in sucrose buffer (0. U) or in
Tris buffer (0, 0) and exposed to 1IN p.M 26 (0, 0) or I5 pNt polyserine, n = 23 (0, 0).

Tie IN125 pore is oligotcrik. A plausible structural model for the ion-conductive pore formed

by M25 postulates a pentanteric array of 5 amphipalhic a.helicCs arranged such that the polar residues

line a central hydrophilic pathway, and the apolar residues interact witht the apolar core of the bilayer

(8). 1ifornation about the size of oligometic channels is obtainable from membrane conductance

measuremctLs in planar lipid bilayers (14). Double logarthnc )lots or conductance vs. concentration

of channel forning peptide have a slope equal to the number of pcptidcs per channel. Since de rate of

hemolysis is dependent on nietibrane conductance, a double logarithmic plot of the ititial rate of

hemolysis vs. eoncenLration o1 N1h25 will have a slope equal to the size of M28 oligomers involved in

the rate limiting step of the hemolysis pathway. Accordingly, Figure 3 shows that the assembly of a

trinier is the rate limiting Step it the Ibntation of a functional ion channel. However. based on Tris

permeability (5, 8). it is likely that pentamers are the dominant spcies responsible for the 12S con-

ductive pore.

V 00

-1

y- -30926,29961x R^2-0998

0.7 0.8 09 1.0 1.1 1.2

log IN21. pK1

Fit. 3. Plot of log (initial rate of hemolysis) vs. log I1M281. Initial rates ar initial slopes from a plot
of % Hb release vs. time. Initial rates for 5, 10 and 15 p.M M28 were determined in duplicate, and
the mean rates were plotted vs. 1M251. Slope or 3.0 was calculated by linear regression.
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60

M26

* 40-

n 20

20 
-~ 

MIR

. 10 0 10 20 A0 4'0 50 60

time (min)

~ .lib release from crythrucytes suspended in sucrose buffer containing 15 I.M N128 (@). MIS
0t). or MIR (A).

specificity of the assay. Tlo icst the specilicity of N125 hemolytic activity, synthetic peptides

with sequences derived from oter AcChoR structural domains were studied. MIS (3, 8) is a putative

transmembrane segnment (15), whereas the cxtramembranous synaptic domain of the a subunits con-

tains a hydrophilic segment- the main immunogenic region (MIIR) (10). Neither MI5 nor MIR (a)

peptides would beK expected to be cytolytic, and indeed they show no activity When tested under thc

same conditions as 1028 (Fig. 4). Figure 2A,B also show that a polyserine 23-mer has no cytolytic

activity. This is significant because serines are postulated to line the polar face of N125 (4, 8) and lack

of cytolysis by polyserine supports the notion that aniphiphilicity is a hallmark of channel forming ct-

helices (7, 8).
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